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Measuring the Hadronic Cross Section via Radiative Return 

The KLOE Collaboration * 
presented by Achim G. Denig 

lEKP-Universitdt Karlsruhe, Postfach 3640, 76021 Karlsruhe, Germany 

Recently it has been demonstrated that particle factories, such as DA$NE and PEP-II, operating at fixed center- 
of-mass energies, are able to measure hadronic cross sections as a function of the hadronic system energy using 
the radiative return. This paper is an experimental overview of the progress in this area. Preliminary results from 
KLOE for the process e^e~ ^ py —> 7r'''7r“7 and a fit to the pion form factor are presented. Some first results 
from the BABAR collaboration are also shown. 


1. Introduction 
1.1. Motivation 

A complete estimate of the muon anomaly 
= {Qu ~ 2)/2, where g^j, is the muon gyromag- 
netic ratio, requires computation of the hadronic 
contributions to the photon propagator spectral 
function. Perturbative QCD fails at low energy. 
The vacuum polarization correction to the pho¬ 
ton propagator is closely related to the hadronic 
cross section. The hadronic correction to the 
muon anomaly a^(hadr) can therefore be calcu¬ 
lated from measurements of the hadronic cross 
section in e“'"e“ annihilations via a dispersion re¬ 
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lation: 

a^(hadr) = — / Cre+e-^hadr(s)-fS^(s)ds. (1) 

47!"'^ Jirnl 

The kernel K{s) is given by many authors and 
behaves approximately as 1/s. The annihilation 
cross section also has an intrinsic 1/s dependence 
and is largely enhanced around ~770 

MeV by the p pole. Data at low energies there¬ 
fore contribute strongly to a^(hadr). The present 
uncertainty of the hadronic contribution to the 
anomaly is dominated by the limited accuracy of 
hadronic cross section and r data. 

For a detailed discussion and the interpretation 
of possible discrepancies between the theoretical 
and the experimental value for a^: 

^theo ^ (11659186.3 ± 7.1)xl0-i° [r data] 

^theo ^ (11659169.1 ± 7.8)xl0-i° [e+e" data] 
a“P = (11659203± 8)xl0-i° [E821], 
see refs. [1] [2]. 

The first value above is obtained including 
r decay data, assuming conservation of the vec¬ 
tor current and isospin symmetry [4]. The second 
value uses only e+e“ data (see also [5]), in partic¬ 
ular the new results from Novosibirsk (CMD-2 [6], 
^/s <1.4 GeV) and Beijing (BES [7], 2 GeV < 
y/s < 5 GeV). The new GMD-2 measurement of 
the dominant process e+e“ ^ p —> tt+tt” with a 
0.6% precision is chiefly responsible for the signi¬ 
ficant reduction of the error of in the second 
analysis, which now shows a 3 .Oct deviation from 
the experimental value, while the analysis based 
on T data gives only a 1.6 ct effect. Clearly, new, 
precise hadronic cross section data are needed to 
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cross check the current discrepancy between the¬ 
ory and experiment and to clarify the difference 
between the two analyses. 

1.2. Radiative Return 

We present in this paper a method to obtain 
a(e~^e~ hadrons), which employs the radia¬ 
tive process e“'"e“^hadrons-|- 7 , where the photon 
has been radiated by one of the initial electrons 
or positrons, Initial State Radiation, ISR [ 8 ] [9]. 
Particle factories such as DA<I>NE and PEP-II, 
typically operate at fixed center-of-mass energies: 
W = at DA$NE, W = tox( 4 S) at PEP-II. 
By measuring the radiative return process above, 
the hadronic cross section becomes accessible over 
the mass range Mhadr < kP- The cross section 
dcr(e+e“ ^ hadrons)/ds can be obtained from 
the measurement of da(e~^e~ hadrons-|- 7 )/ds', 
s' = The relation is given by the radiation 

function If defined by: 

da (hadrons-h 7 ) rj, a \ in\ 

s --= ( 7 (hadrons) x H{s,9-y) (2) 

The function H{s,9^) (which depends also 
on the polar angle of the photon 9^) needs 
to be known to an accuracy better than 1 % 
for precision measurements. Radiative correc¬ 
tions have been computed, so far, by different 
groups [ 10 ] [ 11 ] [ 12 ] up to next-to-leading-order, 
for the exclusive final hadronic states 7 r+ 7 r “7 and 
Itt -I- 7 [16]. Our KLOE analysis is based on the 
yielding theoretical event generators EVA [9] and 
PHOKHARA [13] [14] [15]. 

We present in the following preliminary KLOE re¬ 
sults for the process e+e" ^ pj ^ 7 r+ 7 r“ 7 , which 
dominates the cross section below 1 GeV. This 
channel accounts for 62% of the total hadronic 
contribution to a^. 

Preliminary results of the BABAR collabora¬ 
tion (PEP-II collider) are presented at the end 
of this paper, where measurements using radia¬ 
tive return are performed at higher energies. At 
PEP-II one can in principle cover the whole en¬ 
ergy range of interest for the evaluation of a^. 
Moreover, measurements at higher energies are 
very important for evaluating the hadronic con¬ 
tribution to the running fine structure constant 
a{Mz) (hadronic vacuum polarization), which is 


given by a similar dispersion relation as the one 
shown for a^. 

2. KLOE analysis e+e“ ^ 7 r+ 7 r “7 

2.1. Signal selection and backgound 

The selection of e“''e“ ^ 7 r''" 7 r “7 events with 
the KLOE detector is presented in the follow¬ 
ing. A detailed description of the KLOE detec¬ 
tor, which consists of a high resolution tracking 
detector [ap^/pr < 0.3%) and an electromag¬ 
netic calorimeter {as/E = d.7%/ E{Ge\)) can 

be found in references [20] [21]. In this paper we 
describe an analysis where the hard photon of the 
7 r+ 7 r “7 events is emitted with small polar angles 
{9~f < 15°). No explicit photon detection is done 
since the electromagnetic calorimeter has low ac¬ 
ceptance at small angles. But as we will show in 
the following, that an efficient and almost back¬ 
ground free signal selection can be obtained in 
this case without photon tagging [17] [18] [19]. 

• Detection of two charged tracks: with polar 
angle larger than 40°, coming from a vertex 
in the fiducial volume R < 8 cm, |z| < 15 
cm. The cuts on the transverse momen¬ 
tum pt > 200 MeV or on the longitudinal 
momentum \pz\ > 90 MeV reject tracks spi- 
ralizing along the beam line, ensuring good 
reconstruction conditions. The probability 
to reconstruct a vertex in the drift cham¬ 
ber is ~ 98% and has been studied with 
7 r“'" 7 r“ 7 r° and 7 r“'" 7 r“ data. 

• Identification of pion tracks: A Likelihood 

Method (calibrated on real data), using the 
time of flight of the particle and the shape 
of the energy deposit in the electromagnetic 
calorimeter, has been developed to reject 
e+e" ^ background, events 

are thus drastically reduced. A control sam¬ 
ple of 7 r+ 7 r“ 7 r° has been used to study the 
behaviour of pions in the electromagnetic 
calorimeter and to evaluate the selection ef¬ 
ficiency for signal events, it is larger than 
98%. 

• Cut on the track mass: pCp.~^ events are 
rejected by a cut at 120 MeV in a kine- 
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matic variable called track mass. This vari¬ 
able is calculated from the reconstructed 
momenta, p_|_, p_, applying 4-momentum 
conservation under the hypothesis that the 
hnal state consists of two particles with the 
same mass and one photon. After this cut 
we find a contamination of back¬ 

ground smaller than 1 %. 

7 r''' 7 r“ 7 r° events are rejected with a cut 
in the two-dimensional distribution of the 
track mass versus the two pion invariant 
mass squared, The residual conta¬ 

mination of 7 r''' 7 r“ 7 r'^ events is expected to 
be at small values < 0.4 — 0.5 

GeV^). The efficiency of the track mass cut, 
as evaluated from MC, is ~ 90%. 

• Definition of the angular acceptance: The 
di-pion production angle, Ott-k, is calculated 
from the momenta of the two pions. If only 
one photon is emitted, the photon polar an¬ 
gle 9^ = 180° — 6 >^ 7 r- We select events with 
9 ^^ < 15°.2 

2.2. Final state radiation 

An important background to our signal are 
events where the hard photon has been emitted 
by one of the final state pions, FSR. Since an ini¬ 
tial state photon is emitted preferably at small 
polar angles, and the polar angle distribution of 
the photon from FSR follows the pion sin^0,n. dis¬ 
tribution, the FSR to ISR ratio changes consi¬ 
derably with the polar angle of the two pion sys¬ 
tem, 0^^. For the small angle phase space region 
described above ( 0 ,r 7 i- < 15°) the contribution of 
FSR is well below 1% in all the region. 

Note that FSR events - as described in the case 
of the radiative return - must not be included into 
the dispersion integral for a^. In contrast, in the 
case of an energy scan, FSR should be included 
(see Ref. [1] [ 6 ]). In the case of the radiative re¬ 
turn, FSR is emitted from a fixed value = VV 

complementary analysis in which photons are selected 
at large angles (55° < Ott-k < 125°) is in progress. In 
this case the photon can be tagged in the electromagnetic 
calorimeter and the kinematical acceptance allows us to 
measure events down to the 27r threshold, in contrast to 
the small photon angles case where the acceptance van¬ 
ishes for s' <0.24 GeV^. 
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Figure 1. Number of 7 r''' 7 r 7 events selected by 
the analysis in the region 9^ < 15° or 9^ > 165°, 
40° < 9^ < 140°. 


(the beam center-of-mass energy), while for the 
dispersion integral, FSR is needed for the indi¬ 
vidual values of (as measured in a scan). 

3. KLOE preliminary results 

3.1. Effective cross section 

The 7 r“'" 7 r “7 cross section measurement con¬ 
tains the following terms which are discussed in 
the following: 

d(Thadrons+7 _ dA^Obs dA^Bkg 1 1 /q, 

~^M^- dMi; T^.jcdt 

• Residual background JV^f^g after event se¬ 
lection has to be studied (see 2 . 2 ). 

• The selection efficiency esei is the prod¬ 
uct of trigger, reconstruction, filtering, like¬ 
lihood and Mtrack cut efficiency. Apart 
from the last, which was evaluated only by 
Monte Carlo simulations, the other efficien¬ 
cies were evaluated from unbiased samples 
of data with similar kinematics. The total 
selection efficiency is about 60%. 

• The counting rate measurement is norma¬ 
lized to the integrated luminosity f £ dt. 
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Figure 2. Preliminary measurement of the pion 
form factor. Superimposed are the analyti¬ 
cal |F’^(s')p parametrizations, obtained by a fit 
to the KLOE data using the Kiihn-Santamaria 
parametrization {blue line) and the parametriza- 
tion found by CMD-2 with the Gounaris-Sakurai 
model {red line). The two curves are in very good 
agreement. 


At KLOE the luminosity is measured using 
large angle Bhabha events (55° < < 

125°, cr = 425nb). The precision of the mea¬ 
surement depends on evaluation of experi¬ 
mental efficiencies and acceptances, as well 
as on the theoretical knowledge of the pro¬ 
cess The very good agreement of the ex¬ 
perimental distributions {&+,-, with 

the event generators and a cross check with 
an independent counter based on e+e” —*■ 
77 ( 7 ) indicates that our precision is better 
than 1%. 

Fig. 1 shows the number of events selected 
inside the small angle acceptance cuts at the end 
of the selection chain, for 100 bins between 0.02 
GeV^ and 1.02 GeV^. This distribution comes 
from ~ 73pb~^ of analyzed data, approximately 
1/7 of the total KLOE data sample of ^ 500pb~^. 
More than 1,0830,00 events have been selected, 

^Berends Kleiss generator [22] and BABAYAGA [23] 


corresponding to 15,000 events/p 6 “^. The sta¬ 
tistical error per bin is therefore on the level of 
few permil. Even before unfolding the spectrum 
for the detector resolution effects, the p — w in¬ 
terference can be clearly seen, this demonstrates 
the excellent momentum resolution of the KLOE 
drift chamber. 


3.2. Extracting the pion form factor 

Neglecting FSR interference, the pion form fac¬ 
tor can be extracted as a function of from 
the observed 7 r+ 7 r “7 cross section (T^,r 7 as: 


\FAMl)\^ 


^TTTT'y 

0'TT7r'y{F'-j^ = 1) 


( 4 ) 


where (T,r 7 i- 7 (E,r = 1) = iL is the NLO cross sec¬ 
tion for e“''e“ —> 7 r+ 7 r “7 (only ISR) under the 
assumption of pointlike pions. We obtain the 
quantity H bin-by-bin from the theoretical Monte 
Carlo generator PHOKHARA by setting En- = 1. 

The pion form factor extracted from eq. 4, 
is shown in Fig. 2. The spectrum can be di¬ 
vided into three regions with different errors: be¬ 
low O.AGeV^ with an error of 5-10%, between 
O.AGeV^ and 0.5 GeV^, with an average error 
of 3% and above 0.5 with an average error 
of 2%. The errors are dominated by the limited 
Monte Carlo statistics used in the evaluation of 
the efficiencies and will be reduced with higher 
MC statistics. 


3.3. Fit to the pion form factor 

A preliminary fit was applied to data us¬ 
ing the Kiihn-Santamaria parametrization for 
F-k{Q'^) [24] (KS). The mass and the width of the 
p as well as a and (3 were free parameters of the 
fit while the other paramaters were kept fixed (to 
the values of [ 6 ]). 

The results obtained from the fit are: Mp = 
(772.6 ± 0.5) MeV, Tp = (143.7 ± 0.7) MeV, 
a = (1.48±0.12)-10-3, (3 = -0.147±0.002. These 
values, even if preliminary, are in good agree¬ 
ment with the ones found by CMD-2 using a dif¬ 
ferent parametrization (Gounaris-Sakurai). This 
agreement is confirmed in Fig. 2, which shows the 
results of the two parametrizations (KLOE blue 
line, CMD-2 red line) superimposed to our exper¬ 
imental data. The discrepancy at low is due 
to residual background events. 
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4. Radiative return at BABAR 


5. Summary and outlook 


Preliminary studies of the radiative return have 
been performed at the PEP-II 5-factory with 
BABAR data [25]. An event sample of 22fb~^ 
at W = m(T(4S)) and continuum data have 
been analyzed so far, « 1/4 of the total BABAR 
data. The event selection searches for exclusive 
hadronic final states accompanied by a hard pho¬ 
ton (1 — 9 GeV). It has been shown in [26] that 
the acceptance of the BABAR detector for ISR- 
events is roughly 10 — 15%. Radiative dimuon 
events e+e“ ^ have also been selected, 

which allows (for a specific final state /) a nor¬ 
malization of the hadronic cross section data: 


C^/(Mhadr) 


dNf,-e,,-(l + SZ) 

■ €f • (1 -I- 


o'lj.+fj.-'f (5) 


where and e f are the detection efficiencies and 
drad^ d{-ad State radiative correction fac¬ 

tors. The radiative corrections to the initial state 
and the acceptance for the ISR photon are the 
same for /x/i and / and cancel in the ratio. 

Preliminary results have been shown for the 
7r+7r“, 7r+7r“7r+7r“ and 7r+7r“7r*^7r*^. These dis¬ 
tributions are very encouraging and show quali¬ 
tatively a good agreement with the existing data. 
The actual systematic errors are estimated to be 
at the few percent level and will be reduced 
with the ongoing analysis. Additional work is in 
progress for the final states K^K~, pp, KK-k^ 
and for higher multiplicities up to Ttt. 

The BABAR results are of great importance for 
the energy region between 1.4GeV and 2.0 GeV, 
where the discrepancy between different experi¬ 
ments is in the order 15 — 20% and where a mea¬ 
surement e.g. of the 47r channel of « 1% will 
have a big impact on and a{Mz)- The full 
energy range of interest can be covered in one ex¬ 
periment with these data, avoiding the usual nor¬ 
malization problems, when results from different 
experiments are combined in the analysis of 
and a{Mz)- 


^Oliver Buchmiiller, SLAC, private communication 


The status of the KLOE analysis on ^ 

7 r+ 7 r “7 and preliminary results obtained on the 
pion form factor were presented. A comparison of 
the pion form factor with the fitted parametriza- 
tion obtained by the GMD-2 collaboration, shows 
a good preliminary agreement. Such a compari¬ 
son, even at the given accuracy of 2 — 3%, has 
become very important in light of the disagree¬ 
ment between r and e+e“ reported in the recent 
evaluation of [1]. 

In order to improve the accuracy on a fi¬ 
nal precision for this measurement below 1% is 
needed. To reach this level of precision, a bet¬ 
ter understanding of the systematic effects, both 
on the experimental and the theoretical side is 
mandatory. The intense theoretical work on ra¬ 
diative corrections from different groups and the 
preliminary results presented here by KLOE, are 
a promising indication for achieving such a chal¬ 
lenging task. 

The BABAR collaboration has presented pre¬ 
liminary distributions for the 27r and 47r final 
states using the radiative return from the T(4S') 
resonance. The results for the 4-pion state are 
competitive with the existing data. Improved 
results, both from KLOE and BABAR, are ex¬ 
pected in the following months. The preliminary 
results obtained so far by the two experiments, 
show that the radiative return is complementary 
to the standard energy scan and that it can pro¬ 
duce precise hadronic cross section data. 
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